
WaveInversionTechnology, ReportNo. 4, pages27-35

Analytic Moveout formulas for a curved2D
measurementsurfaceand near-zero-offsetprimary

reflections

Pedro Chira-OlivaandPeterHubral1

keywords: AnalyticMoveoutformulas,curved2D measurementsurface, CRSstack

ABSTRACT

Analyticmoveoutformulasfor primarynear-zero-offsetreflectionsin varioustypesof
gathers (e.g. commonshot,commonmidpoint)play a significantrole in the seismic
reflectionmethod.They are required in stacking methodslike the common-midpoint
(CMP) or theCommon-ReflectionSurface(CRS)stack. They alsoplay a role in Dix-
typetraveltimeinversions. Analytic moveoutformulasare particularly attractive, if
they can be givena “physical” or “quasi-physical” interpretation,involving for in-
stancethewavefront curvaturesof specificwaves.Theformulaspresentedhere have
such a form. They give particular attentionto the influencethat a curvedmeasure-
mentsurfacehason themoveoutor normal-moveout(NMO) velocity. This influence
shouldbeaccountedfor in theCMP or CRSstack andin thecomputationof interval
velocities.

INTRODUCTION

Analytic moveoutformulasfor isotropicmediahave a long traditionof beingapplied
in theseismicreflectionmethod.Justto mentiona few papersthatmaybeconsidered
as somemilestonecontributionswe would like to refer to the works of (Dürbaum,
1954;Dix, 1955;Shah,1973;FomelandGrechka,1998). Particularly in the light of
macro-model-independentreflectionimaging(Hubral,1999)analyticmoveoutformu-
las in midpoint(m)-half-offset(h)coordinateslike Polystack(de Bazelaire,1988;de
BazelaireandViallix, 1994;Thoreet al., 1994)andMultifocusing(Gelchinsky et al.,
1999a,b)have gaineda new relevanceand importance.Herewe generalizethe so-
calledCommon-Reflection-Surface(CRS)stackformula(Müller et al., 1998),which
is usedto simulatezero-offsetsectionsfrom prestackdatain a macro-velocity-model
independentway (Jägeret al., 2001). The generalizedCRSstackmoveoutformula
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is formulatedin sucha way that the influenceof the curved surfacecanbe clearly
recognized.

THEORY

Accordingto (Schleicheret al., 1993),thehyperbolictraveltimeapproximationfor a
ray from ¢�£ to ��£ and from ��£ to ¤:£ both on a curved surface,in the vicinity of a
normal(zero-offset)ray from ¢�¤ to � andfrom � to ¢�¤ (FigureA-1) is givenby
	�¥�¦t§k� v �|�W�����1
	�¨' � �©� v � � � � 
	��ª«�t¬®�¯�°�'(¬®�¯#� v ���±�²¬®�¯�°Q�V¬®�¯#���©��³ (1)

with ���´� '  c"µ$�¶�·¹¸& �
(2)

v � �Wº²�(��»� � �¼� ��»5')�Wº� > (3)

This formulais valid for a2D laterallyinhomogeneusmedium. & is thevelocityat the
ZO location ¢�¤ ,


	½
is zero-offset(two-way) traveltime.

�Wº
and

��»
arethecoordinates

of thesource¢£ andreceiver ¤:£ measuredalongthe tangentto the curvedsurfaceat¢�¤ .

Thecomponents
°(�|¬��|¾V�|¿

of theso-called�ÁÀÂ� surface-to-surfacepropagator
matrix for thetwo-waynormalray (seeAppendix)aregivenby° � GÃ ���	� ' Ã � 0 Ã �3�	� � Ã � ' � Ã ·,f.  �¶�·�¸ 4 � (4)¬ � GÃ ���	� ' Ã � 0 � &,/.  �¶ �· ¸ 4 � (5)¾ � GÃ ���	� ' Ã � 0 ' � � Ã �3�6� � Ã � � ,/.  ¸ ¶�· Ã ·& � � Ã �3�	� Ã � ,/.  ¸ ¶ �·& � � Ã �·& 4 (6)¿ � GÃ ���	� ' Ã � 0 Ã �3�	� � Ã � ' � Ã ·,f.  �¶�· ¸ 4 � (7)

where ¶�· ¸ is the angle of incidenceof the normal ray (emerging on the curved
measurementsurfaceat ¢�¤ ) with the normalof the tangentto the curvedsurfaceat¢�¤ . Let us define

Ã · asthe surfacecurvatureat the point ¢�¤ .
Ã �3�6� and

Ã � are
thecurvaturesof theNIP-waveandtheN-waveobservedat ¢�¤ , respectively (Hubral,
1983;Jägeretal.,2001).
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Insertingeqs.(2), (4), and(5) into eq.(1) weobtain
 �¥|¦P§ � v �����`� 0 
	�� �  c"µ$�¶�· ¸& v 4 � � � 
	�& Ä Ã � ,/.  � ¶ ¸· '(,/.  �¶ ¸· Ã ·¹Å)v �� � 
	�& Ä Ã ���	� ,/.  � ¶ ¸· '(,/.  �¶ ¸· Ã ·CÅ � � > (8)

Here
� ¶ ¸· � Ã �3�6� � Ã � � arewantedparametersthathelpsolveavarietyof stackingand

inversionproblems(Hubral,1999).They canbeobtainedby modifying thepresently
existing2D CRSstackformula(Jägeretal.,2001)thatis obtainedfrom eq.(8) by sub-
stituting

Ã · �ÆB
. In the following, we discuss3 particularreductionsof formula(8)

whichareof practicalrelevance.

Particular cases

Common-mid-point (CMP) gather

For thiscase,v ��B
, theequation(8) reducesto
 � Ç 8�� �P������
 �� � � 
	�& Ä Ã ���	� ,f.  � ¶ ¸· '(,f.  �¶ ¸· Ã ·�Å � � > (9)

Thisexpressionis commonlywrittenas(Shah,1973)
 � Ç 8�� �t�W����
 �� � È � �& ���8:9 � (10)

wherethenormalmoveout(NMO) velocity & ��8:9 is now givenby& ���8:9 � � &
	�E� Ã ���	� ,f.  � ¶ ¸· '(,f.  �¶ ¸· Ã · � > (11)

For
Ã · �=B

this reducesto Shah's formula. For a 1-D modelwith a planarsurface,
straightnormalray andincidenceangle ¶ ¸· �TB

this expressionreducesto ÉW��8:9 �É g 8 · , whereÉ g 8 · is thefamiliar root-mean-squarevelocity.

Common- shotgather

For thiscase,
��»����Wº²�(�

, equation(8) reducesto
 � Ç · �1� ������� 0 
	���Ê c"µ$�¶�·�¸ �& 4 � � 
	�� & Ä Ã � ,f.  � ¶ ¸· � Ã �3�6� ,/.  � ¶ ¸· ' � ,/.  i¶ ¸· Ã ·¹Å � � �
(12)

whereaccordingto eq.(A-9) and(Hubral,1983),is demonstratedthat
Ã �3�	� � Ã � �� Ã ½ , with

Ã ½
beingthewavefrontcurvatureof thereflectedwaveat ¢�¤ .
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Zero-Offset section

For thiscase,
�¼��B

, equation(8) reducesto
	�Ë 9 � v ��� 0 
	��� �  #"%$�¶�·�¸& v 4 � ��� 
	�& Ä Ã � ,f.  � ¶ ¸· '),f.  �¶ ¸· Ã · Å v � > (13)

All threeformulasshouldbeconsideredin the2D CRSstack(Jägeret al., 2001)for a
curvedmeasurementsurface.

CONCLUSION

In this paperwehave formulateda new analyticmoveoutformula(8) for a2D curved
measurementsurface.It mayfind applicationin a numberof modeling,inversionand
stackingproblems. The formula is independentof the 2D laterally inhomogeneous
velocity model. For thatmatterit is alsovalid for 3D earthmodels,providedall pa-
rametersin the2D formularepresentthosein theplanedefinedby theseismicline and
emergingnormalrayat ¢�¤ .
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Müller, T., Jager, R.,andHöcht,G.,1998,Commonreflectionsurfacestackingmethod
- imagingwith an unknown velocity model: 68th Ann. Internat.Mtg., Soc.Expl.
Geophys.,ExpandedAbstracts,1764–1767.
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APPENDIX A

Elementsof the surface-to-surfacepropagatormatrix Ì
Following (Hubralet al., 1992a; Cerveńy, 1999;Schleicheret al., 2001),we canex-
pressfor the2-D casethe �ÍÀÎ� submatricesÏÑÐ ��Ò Ð �^Ó Ð ��Ô Ð of the ÈÕÀÂÈ surface-
to-surfacepropagatormatrix Ì (Bortfeld,1989;Hubraletal.,1992a;Schleicheretal.,
1993)form by ° � Ö ¯ �� £ '@Ö ��×� £ � �

(A-1)¬ � Ö �� £ � � (A-2)¾ � � £ a ¯ �I' � £ka ��×� � × £ Ö ¯ �� £ ' × £ Ö ��×� £ � �
(A-3)¿ � � £ia �� � × £ Ö �� £ � �
(A-4)

where a ¯ � a � � Ö ¯ and Ö � are the scalarelementsof the so-called Ø propagator
matrix (Popov andPsenćffk, 1978; Cerveńy, 1985;Hubralet al., 1992a).ThematrixÌ is definedin a Cartesiancoordinatesystemandthepropagatormatrix Ù is defined
in a raycenteredcoordinatesystem( Cerveńy, 1987).

Weassumea2-D model(Figures6.1and6.2)with acurvedmeasurementsurface.
Wehaveasourcepoint ¢ coincidingwith thereceiverpoint ¤ . In theparaxialvicinity
of the normal ray surface location ¢�¤ , where the mediumvelocity changesonly
gradually, we have two points ¢�£ and ¤:£ . This source-receiver pair is linked by a
reflectedparaxialray ¢�£O��£M¤:£ . Accordingto ( Cerveńy, 1987;Schleicheret al., 2001),
we can expressfor the 2-D casethe transformationfrom the local 2-D Cartesian
coordinatesystem Ú���1� ¯ �#��Û*� at ¢�¤ to the 2-D ray-centeredcoordiantesystem ÚÜ
(FigureA-2) by

Ü � �I�Ý� Ü £ ��� £ � £ � (A-5)� � ,f.  �¶ ¸· � � £ ��,/.  �¶ ¸· � (A-6)× � ,f.  �¶ ¸·& · Ã · � × £ �@' ,f.  �¶ ¸·& · Ã · � (A-7)

In paraxialapproximation,thecurvedsurfacecanbeexpressedasa parabola.In the
local2-D coordinatesystem

� ¯ ��Û , this is representableas��Û´� G� Ã · � � ¯ � (A-8)
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where
Ã · is thesurface's curvatureat ¢�¤ (Schleicheretal., 2001).

Thematrix Ù is expressedin termsof theNIP andN wavefrontcurvatures
Ã ���	� andÃ � (Hubral,1983)by

Ø � 0 Ö ¯ Ö �a ¯ a � 4 � GÃ ���	� ' Ã � 0 Ã ���	� � Ã � � & ·�Þ	ß Ã ���	� Ã � Ã ���	� � Ã � 4áà (A-9)

By substitutingeqs. (A-6), (A-7) and the componentsof matrix Ù (eq. A-9) into
eqs.(A-1) weobtainthecomponents

°(�|¬��|¾
and

¿
of thematrix Ì givenby eqs.(7).

Thematrix Ì alsocannow bedefinedin termsof thematrix Ù by

Ì � 0 ° ¬¾ ¿ 4 � 0 ¯» B�â» � 4 Ù 0 � B�â» ¯» 4 > (A-10)

Insertingtheelementsof thepropagatormatrix Ù , weobtain

Ì � 0 ° ¬¾ ¿ 4 � 0 ¯» B�â» � 4 0 Ö ¯ Ö �a ¯ a � 4 0 � B�â» ¯» 4 � (A-11)

thusproving thevalidity of equations(A-1).
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FigureA-1: Ray diagramfor a paraxialray in the vicinity of a normalray in a 2D
laterallyinhomogeneousmedium.
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FigureA-2: Blow-upof FigureA-1 showing the2D localandraycenteredcoordinate
systemat ¢�¤ .


